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ABSTRACT: Photogeneration and lifetime of charge carriers associated to light harvesting are among the main challenges facing 
materials for photocatalysis. We report here the synthesis of mesoporous TiO2 containing a replica of a chiral nematic structure (CNs) 
as a photocatalyst with improved light harvesting and photogenerated charge carriers under UV illumination. The CNs of cellulose 
nanocrystals photonic films, obtained by evaporation induced self-assembly method, were successfully transferred into an inorganic 
TiO2 film by sol-gel mineralization of the biotemplate. The stop-band of the photonic films was adjusted by controlling the amount 
of added D-glucose. The improvement of the kinetics of phenol photocatalytic degradation, H2 production and the enhancement of 
the TiO2 photoconductivity as measured by Time Resolved Microwave Conductivity, compared to mesoporous TiO2, strongly suggest 
an increase in light harvesting. The CNs microdomains in TiO2 increase the light scattering within the nanostructure, and thus the 
absorption factor of TiO2 resulting in higher photoefficiency. This peculiar structure is used for the deposition of gold nanoparticles 
(AuNPs) inside the mesopores that are left by the mineralization of the biotemplate. AuNPs act as co-catalysts by leveraging highly 
photogenerated charge carriers for the production of H2. This straightforward method opens up new opportunities, especially for a 
wide range of materials, where converting photons into energy remains a major challenge. 

Titanium dioxide is a semiconductor that is commonly used in 
a wide range of applications such as photocatalysis,1–3 dye 
sensitized solar cells,4–6 hygrochromic coatings,7,8 sensor 
materials 9,10 and mesoporous optical Bragg stacks 11,12. In its 
anatase form, TiO2 is by far the most popular photocatalyst used 
in environmental applications. However, its large band gap (3.2 
eV for anatase), which can only be excited with UV light, 
combined with a high recombination rate of the photogenerated 
electron/hole pairs (e-/h+), reduces both the light harvesting 
ability and the photon-to-charge carriers conversion efficiency. 
Different strategies have been therefore explored to overcome 
these limitations with more or less success. One consists in 
doping TiO2 with non-metallic elements,13–15 while others focus 
on coupling TiO2 with metallic nanoparticles,16–18 noble 
metals3,19–22 or narrow band-gap semiconductors.23 Although 
these strategies extend the absorbance of TiO2 in the visible 
range while improving the lifetime of the charge carriers, they 
fail to induce an effect on the photogenerated (e-/h+) density 
under UV illumination. In the meantime, the use of plasmonic 

nanoparticles (NPs) has emerged over the past decade as an 
effective and innovative method to improve the light harvesting 
of TiO2 photocatalyst. In particular, NPs act as electron 
collectors, reducing the recombination efficiency of charge 
carriers or improving the light harvesting of the TiO2 
photocatalyst by injecting  hot electrons coming from localized 
surface plasmon resonance (LSPR) into the TiO2 conduction 
band (making the visible light useable).20,22,24 However, the 
LSPR intensity remains insufficient to effectively collect the 
light received by the photocatalyst. 

Improving light harvesting (i.e. increasing the absorbance 
factor) of TiO2 photocatalyst becomes therefore a challenge, 
especially with regard to the management of light propagation. 
Indeed, photons pass through nanosized photocatalyst particles 
with a light velocity around 1−3 × 108 m.s-1, leaving less than a 
hundred femtoseconds to TiO2 for its activation. The 
confinement of light in a hierarchical structure should reduce 
the time of light propagation by multiple light scattering 



 

 

phenomena leading, in principle, to a better light harvesting. 
Hierarchical structures with a periodic arrangement (photonic 
crystals)6 or a less regular arrangement (spongy mesophyll 
cells)25 present a very efficient light harvesting for photon-to-
energy conversion. In this context, hierarchical structures 
inspired by Nature (biomimetics) show a growing interest in 
this kind of applications. It is well recognized that the 
hierarchical structures of living species exibit an amazing 
ability to handle light for vital or energy needs. For instance, the 
hierarchical structures of green leaves are designed for light 
harvesting towards an efficient conversion of photons into 
chemical energy.26 By mimicking natural hierarchical 
structures, porous bioinspired TiO2 materials containing a well-
defined hierarchical structure (including small replicas of 
chloroplast structures) were obtained using the plant leaves as 
biotemplates. The bioinspired TiO2 material is of interest for 
photocatalytic reaction, in particular dye degradation and H2 
production.27,28 Natural photonic crystals (PCs) found in Nature, 
e.g. butterfly wings,29,30 Pollia,31 opals or beetle cuticles,32,33 
represent unique but complex arrangements that manage the 
propagation of light in such a perfect way that they produce 
iridescent colours. Upon irradiation, the group velocity of 
photons near the photonic band-gap edges is significantly 
reduced (slow photon effect), which could improve the 
absorbance factor of the photocatalyst. The beneficial effect of 
slowing down photons was first revealed in dye-sensitized solar 
cells. Opal TiO2 layers periodically structured in 3D photonic 
lattice have improved the photogenerated current.6 The 
photoefficiency has been shown to be wavelength-dependent, 
since the irradiation wavelength should correspond to the 
absorbance range of the photocatalyst.2,4,34-36 PCs are now 
accepted as an effective strategy to increase the photon-to-
electron conversion for next-generation dye-sensitized solar 
cells.4,36 But so far, most of these studies have been carried out  
only using synthetic photonic TiO2 from opal and inverse opal 
templates. 

Since the pioneering work of Dujardin,37 cellulose nanocrystals 
(CNCs) have emerged as straightforward biotemplates to 
produce mesosoporous metal-oxides assemblies with chiral 
nematic structures.38–41 TiO2 nanocrystalline films with a chiral 
nematic structure organization were first elaborated from 
mesoporous silica with chiral nematic ordering by hard 
templating.40 However, to be effective, this approach requires 
repeating the impregnation/calcination steps at high 
temperature. Between each step, etching to remove the CNC-
silica template is mandatory. This method is efficient, but time-
consuming and can leave sodium ions in the TiO2 nanostructure 
during the etching of the silica template, which may have a 
detrimental effect on the resulting photocatalytic activity.42–44  

In this work, we report synthesis of mesoporous biotemplated 
TiO2 containing a replica of a chiral nematic structure using an 
impregnation method. The chiral nematic structure of cellulose 
nanocrystals photonic films was successfully transferred to 
inorganic TiO2 films by an approach combining soft chemistry 
and evaporation induced self-assembly (EISA) method. The 
photonic stop-band of the resulting biotemplated TiO2 films 
was adjusted by controlling the amount of added D-glucose. 
This straightforward method facilitates the transfer of the 
replica of the chiral nematic structure to TiO2. The resulting 

chiral nematic mesoporous (CNTiO2) films enhanced light 
harvesting with higher photoefficiency than pristine 
mesoporous TiO2. In addition, we have shown that the 
mesopores left by the mineralization of CNCs also allow the 
deposition of gold nanoparticles offering the possibility of using 
these materials for an efficient H2 production. 

EXPERIMENTAL 

Materials  

Titanium isopropoxide (TTiP, 97 %), Acetylacetone (acac, 
97%), D-glucose, methanol (Reagentplus, ≥99%) and phenol 
(C6H5OH) obtained from Aldrich, Acetic acid (CH3COOH, 
Wako, 100%) and cellulose nanocrystals (obtained from 
Luxemburg) were used without further purification. Generally, 
in this experiment Mill-Q water under 18.2 MΩ were used. 
Cellulose nanocrystals (CNCs) were extracted from pure ramie 
fibers as previously reported.45  

Synthesis of CNCs photonic films  

CNCs photonic films were prepared by evaporation induced 
self-assembly (EISA) method under ambient conditions. 
Typically, 5 mL of diluted aqueous CNCs suspension (1 wt%, 
pH=6) were mixed with different amounts of D-glucose (0, 10, 
20, 30, 40, 50 and 60 mg), followed by sonication (BRANSON 
2800) for 10 minutes. Sonication was performed in an ice bath 
to maintain the temperature between 22-25 oC to avoid any 
desulfation of the CNC surface caused by heating the 
suspension. The EISA method was then applied by pouring the 
mixtures onto petri dishes and left at room temperature to 
evaporate the water for 23 hours.  

Preparation of stable aqueous Titania sol  

An aqueous stable and transparent titania sol was prepared by 
modifying the procedure reported by Okunaka et al.46 Briefly, 
an appropriate amount of TTiP (weight ratio of TTiP/CNCs is 
fixed at 1wt%) was added dropwise to an acetyl acetone (acac) 
solution dropwise by stirring for 10 minutes at room 
temperature. The prepared TTiP-acac solution was added to a 1 
mL aqueous acetic acid solution (AcOH, 3.48 mol.L-1) and 
stirred during 1 h to obtain a transparent titania sol. It is worth 
to note that such solution remains stable without any white 
precipitate, even after several weeks. The high stability over 
time of the precursor solution guarantees the reproducibility for 
the elaboration of nanostructured films. 

Synthesis of mesoporous TiO2 with a chiral nematic 
structure (CNTiO2)  

Chiral nematic-CNC films were used as biotemplates to prepare 
TiO2/CNCs nanocomposite films via an impregnation method. 
To this end, a CNC-based film was dipped into titania sol for 
10 minutes and then dried for 20 minutes at room temperature. 
Gentle drying reduces film cracking due to the shrinkage of the 
films during solvent evaporation. This steps was repeated for 8 
cycles before heating the films to 70 oC for 2 h. The cellulose 
nanocrystal biotemplate was then removed by calcination at 
higher temperature. Specifically, the TiO2/CNC composite 
films were heated at a rate of 2 °C.min-1 to 100 °C, and 



 

 

maintained at this temperature for 2 h, then raised to 500 °C at 
2 °C.min-1 (AAF1107-230SN-Carbolite) and kept for a further 
4 h. Then, the obtained films were gently cooled down to room 
temperature and were referred to as CNTiO2-X (with X the 
amount of D-glucose) thereafter. In order to compare the 
photocatalytic properties of these CNTiO2-X films, we also 
prepared mesoporous TiO2/CNCs composite as a reference film 
material by using a similar procedure as described above but in 
a one-pot step. The same amount and concentration (5 mL, 1 wt 
%) of CNC were used. To this solution, D-glucose (20 mg) was 
added, followed by sonication for 10 minutes. Unlike the 
preparation of CNTiO2-X films, the titania sol, prepared as 
reported above, was mixed directly with the CNCs solution 
upon stirring for 1 hour at room temperature. This mixture was 
then poured into petri dishes and left at ambient conditions to 
evaporate the solvent. Finally, the biotemplate was removed 
following the same calcination procedure as described above. 

Growth of gold nanoparticles in TiO2 films 

The growth of  gold nanoparticles (AuNPs) on mesoporous 
films was performed, following the procedure described 
previously.47 Typically, 10 mg of CNTiO2-20 film were soaked 
in 5 mL aqueous solutions of HAuCl4 (51 µL of 10 mM HAuCl4 
in 5 mL water) for 1 h (the weight ratio of Au/TiO2 was fixed 
at 1 wt%). Afterwards, the films were recovered, washed 
several times with water and ethanol, and then dried under 
ambient conditions. The reduction of the gold precursor was 
achieved by soaking the films in 10 mL of a freshly prepared 
NaBH4 (aq) solution (200 mM) for 1 h. The resulting composite 
was washed several times with water and ethanol to remove 
nanoparticles deposited on the surface of the films, and dried 
under ambient conditions.  

Materials Characterization 

The textures of film samples were recorded by polarising 
optical microscopy (POM) between crossed polarizers on a 
Zeiss Axio-Observer equipped with a Sony Cyber-shot DSC-
W570. Quantitative image analyses were performed for each 
image using ZEN software 3.2 lite. Measurements of films 
cross-sections were carried out by Scanning Electron 
Microscopy (SEM). SEM images were acquired with a ZEISS 
Supra 55VP FEG-SEM operating at 2 kV and using a working 
distance between 3 and 5.7 mm. The morphology of 
mesoporous TiO2 films were studied by Transmission Electron 
Microscopy (TEM, JEOL JEM 2100Plus), operating at 200 kV. 
The films were reduced to very small pieces, which were 
dispersed in ethanol using ultra-sonication and then drop-casted 
on carbon-coated copper grids. The grids were dried under N2 
flow prior to any measurement.  

Optical properties of biotemplated mesoporous TiO2 as well as 
initial CNC photonic films were determined using UV-vis 
spectroscopy (model Cary 5000 series, Agilent Technologies) 
equipped with an integrating sphere for diffuse and total 
reflection measurements. The reflectance spectra were recorded 
by mounting the film perpendicular to the beam light. The 
maximum reflectance were set to 100% using BaSO4 as a 
reference in a wavelength range between 200 to 800 nm. In the 
case of AuNPs growth on mesoporous TiO2, the absorbance of 
the samples was collected using a Cary 4/5 diffuse reflection 

sphere. The baseline was recorded using a 
poly(tetrafluoroethylene) reference. 

Fourier transform infrared (FTIR) spectra of CNC film, 
TiO2/CNC composite film, and TiO2 product film were carried 
out  on a FTIR spectrometer (Bruker Vertex 70) equipped with 
a diamond ATR apparatus (PIKEMIRACLE crystal plate 
diamond/ZnSe) and a MCT detector. The measurements were 
performed by placing film samples onto a clean ZnSe diamond 
plate. For each sample, 100 scans were acquired in the 4000-
600 cm-1 range with a 4 cm-1 spectral resolution.  

The crystallinity of the film samples was investigated by X-Ray 
Scattering (XRS) in transmission mode. XRS measurements on 
CNCs photonic films were carried out on a copper rotating 
anode generator (λCu Kα = 1.5418 Å, Rigaku Corp., Japan) 
monochromatized with a multilayer W/Si optics (Osmic) and 
equipped with a MAR345 detector (150 µm pixel size).49 For 
these measurements, the sample-to-detector distance was set to 
200 mm, allowing an accessible Q range of 0.15 – 2.7 Å-1. Self-
supported films were simply mounted on a goniometer head and 
the films were kept parallel to the incident X-ray beam. Linear 
scans were performed along a line perpendicular to the film 
axis, corresponding to scattering from the hk0 reflections of 
CNC. In the case of biotemplated mesoporous TiO2 films, 
measurements were performed at the molybdenum wavelength 
(λMo Kα = 0.711 Å) to prevent fluorescence arising from TiO2. 
Experiments were carried out on a rotating anode generator 
(Rigaku Corp., Japan) equipped with a multilayer W/Si mirror 
(Osmic) providing a monochromatic beam of 1 x 1 mm² at the 
sample position.48 Two-dimensional XRS patterns were 
collected on a MAR345 detector (marXperts GmbH, Germany) 
with 150 µm pixel size, placed at a sample-to-detector distance 
of 150 mm. The typical accessible range of scattering vector 
modulus Q was 0.4–7 Å-1 (Q = 4π/λ sin(θ), where λ is the 
incident wavelength and 2θ is the scattering angle). For these 
experiments, the samples were reduced in powder form and 
filled into borosilicate capillary tubes (GLAS, Schönwalde bei 
Berlin, Germany) of 0.7 mm diameter that were flame-sealed. 
The scattered intensity I as a function of the scattering vector 
modulus Q was obtained by angular integration over the 2D 
scattering patterns using homemade software. The data were 
corrected for empty cell (glass) scattering. 

In both XRS measurements modes, the experimental resolution 
can be approximated by a Gaussian with Full-Width at Half 
Maximum (FWHM) ~0.013 Å-1. The crystallite size L, 
perpendicular to the lattice plane, was estimated by using the 
Scherrer’s equation:50  

𝐿 ൌ
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        (1) 

where λ is the incident wavelength, β the full-width at half-
maximum (FWHM) of the X-ray scattering peak in radians and 
θ  the corresponding Bragg angle. 

Electronic properties and photocatalytic activity 

The electronic properties of the mesoporous TiO2 films were 
characterized by the Time Resolved Microwave Conductivity 
(TRMC) technique. TRMC is a convenient and non-destructive 



 

 

way to probe the dynamics of the photogenerated charge-
carriers. The laser pulse (OPO laser, EKSPLA, NT342B 
tunable from 200 – 2000 nm), used as a source of excitation 
with parametric oscillator, delivers the full width at half-
maximum of one pulse with 8 ns and a frequency of 10 Hz. The 
incident microwave was generated with a Gunn diode at 30 
GHz. The TRMC is an indirect method for the measurement of 
mobiles charges (mainly electrons since holes are heavier with 
limited mobility) and their lifetime generated at the surface of a 
photocatalyst after the laser pulse illumination. Thus, the 
change in microwave power reflected by the sample after 
illumination, ∆P(t), is recorded. The microwave power 
absorbed by the sample can thus be expressed as the difference 
between the incident and reflected microwave power. The 
relative power difference, ∆P(t)/P, is directly correlated to the 
difference of the conductivity ∆σ (t), as expressed in equation 
(2).51  

 ∆௉ሺ௧ሻ

௉
ൌ 𝐴∆𝜎ሺ𝑡ሻ ൌ 𝐴𝑒 ∑ ∆𝑛௜ሺ𝑡ሻ𝜇௜௜      (2) 

Where, ∆ni (t) is the number of charge-carriers i at time t and µ 
is the mobility of the charge-carriers. In the present case, all 
TRMC measurements were conducted under UV light at a 350 
nm illumination wavelength and with a light energy density 
received by the samples set at 1.4 mJ.cm-2. 

The experimental setup for photocatalytic tests includes a 
photoreactor, a UV-vis light (Xenon) lamp (Oriel, 300 W) and 
an oxygen gas supplier. To assess the photocatalytic activity of 
synthesized TiO2 films, the degradation of phenol was 
monitored, as a model pollutant, under UV-vis light irradiation. 
The photoactive films were introduced into a 3.5 mL quartz 
vessel reactor (10 mm diameter) containing an aqueous phenol 
solution (the photocatalyst concentration was set to 0.012 M) 
followed by sonication (10 min). The reactive medium was then 
stirred for 30 minutes in the dark and oxygen gas was bubbled 
under a fixed flow rate. Then, the reactive medium (aqueous 
phenol solution, 0.15 M and the film) was irradiated during 2h. 
An aliquot (0.5 mL) of irradiated sample was collected at 
different time intervals, followed by centrifugation to eliminate 
any solid from the solution. The phenol degradation was 
analyzed by HPLC (Agilent 1260 infinity quaternary liquid 
chromatograph) equipped with a UV detector set at 260 nm for 
phenol analysis. The column was an adsorbo-sphere C18 in 
reverse phase (5 μm, I = 150 mm, i.d. = 4.6 mm, Alltech) 
combined with an All-Guard cartridge system (7.5 × 4.6 mm, 
Alltech) for elution at a flow rate of 1 mL.min-1, and the mobile 
phase was composed of 80% H2O and 20 % acetonitrile. Star 
software was used for data acquisition. 

The production of H2 from an aqueous methanol solution was 
performed in a closed quartz reactor with a nitrogen atmosphere 
and under vigorous stirring. UV-visible light (Xenon lamp, 
Oriel, 300 W) was used as an illumination source. For these 
experiments, 3 mg of each photocatalyst film was suspended in 
3 mL of a degassed aqueous solution (6.17 M, 18.5 mmol of 
methanol), used as a sacrificial agent. The amount of H2 
produced was determined by gas chromatography (GC) on a 
Bruker Scion gas chromatograph, with a thermal conductivity 
detector (column, molecular sieve 5 A, 75 m × 0.53 mm i.d.; 

oven temperature, 50 °C; flow rate= 22.5 mL.min−1; detector 
temperature= 250 °C; carrier gas, nitrogen). 

 

RESULTS AND DISCUSSION 

Acid extraction of CNCs from cellulose fibres enables to obtain 
CNCs nanorods with ester sulphate (CNC-OSO3H) on their 
surface. Since the concentration of the latter is critical for the 
self-assembly of CNCs rods by electrostatic repulsions,52 the 
concentration of CNC‒OSO3H concentration was first 
determined by conductometric titration with NaOH (supporting 
information Figure S1). The content of sulfate half-ester was 
about 26.7 mmol.kg-1,53 which is 13-folds lower than the 
commercially reported value.54 This is mainly due to the 
extended time during the dialysis step used to set the pH of the 
CNCs’ final solution (pH=6). The film, obtained by EISA, 
remains colourless and transparent without any photonic 
properties (inset of Figure 1.a). This is confirmed by POM and 
SEM observations, which do not display the typical fingerprint 
textures of the chiral nematic structure (Figure 1.a and 1.b). 
Instead, these observations suggest that the rods remain stacked 
in a disordered multilayers structure, similar to that reported for 
CNCs films prepared under acidic conditions.39 This could 
obviously be attributed to the low surface concentration of 
sulfate ester groups. By contrast, the addition of D-glucose to 
the dilute solution of CNCs leads to the formation of iridescent 
films with photonic properties (inset of Figure 1.c). The 
iridescent film indicates that the CNCs are periodically 
organized. This organization in a helicoidal nematic structure 
gives rise to photonic band-gap. The periodicity of the chiral 
nematic structure generates a Bragg reflection for a defined 
wavelength range (forbidden wavelength), leading to a highly 
coloured CNC film.55 SEM images display the characteristic 
twisted layers of the chiral nematic structure (Figure 1.c). In 
addition, POM observations under crossed polarizers (Figure 
1.d) reveal the occurrence of birefringent domains displaying 
the typical fingerprint texture of the chiral nematic phase. In 
order to confirm that the colour arises from the helical 
arrangement of CNC rods, the samples were observed through 
left- and right-handed circular polarizers, respectively. As 
shown in Figure S2 (Supporting Information), these results 
confirm that the CNCs build a left-handed helix, while the 
samples remain colourless under observation with the right-
handed circular polarizers.  



 

 

 

Figure 1. SEM (left), POM (rigth) and macroscopic pictures (inset) of 
freestanding cellulose nanocrystals films before (a, b) and after (c,d) adding 10 
mg of D-glucose. Typical fingreprint texture of the chiral nematic structure is 
observed after adding D-glucose in POM image (d).  

In addition, the as-obtained freestanding films are crack-free. 
They display a uniform and homogenous colour except at the 
edges, where colour variation is related to the so called “coffee 
ring strain”, rising from anisotropic kinetics during the solvent 
evaporation (Figure 2.a).56 D-glucose has been reported as an 
efficient strategy to avoid film cracks,57 but also to control the 
chiral nematic pitch, and therefore the structural colour of the 
CNCs films.58 In our case, the twist is driven by the added 
amount of D-glucose, which leads to the rotation of CNCs 
nanorods around helical axis and results in periodic 3D 
structure. Such an observation has initially been made for a 
solution of bacterial CNCs that forms a birefringent nematic 
organization without any chiral nematic fingerprint.59 However, 
adding sodium salt to the solution reduces the ionic force at the 
CNCs surface, which induces the formation of the cholesteric 
phase. D-glucose could reduce the double electric layer around 
the CNCs leading to the formation of the helical structure in a 
similar manner. D-glucose also allows tuning the iridescent 
colour as well as the wavelength of the Bragg reflection of the 
photonic films, resulting in biotemplates with various photonic 
stop-band positions (Figure 2.b). Increasing the amount of D-
glucose allows the maximum wavelength of the Bragg 
reflection to be adjusted from blue (UV), blue-green (UV-
visible) to green and red (visible), in agreement with the 
macroscopic optical observations (Figure 2.a). In contrast, no 
Bragg reflection was observed for the CNCs film prepared 
without the addition of D-glucose, confirming the absence of 
any 3D chiral nematic structure. The CNs is obviously a 
sinequanone condition to obtain films showing both iridescent 
colour and a Bragg reflection peak. 

The maximum wavelength of the Bragg reflection can be 
defined as the relationship between the effective refractive 
index of the films “neff”, the helical pitch “P” and the angle of 
the helical axis to the emitted light such as: 

𝜆 ൌ 𝑛௘௙௙𝑃 sin 𝜃   (3) 

 

Figure 2. (a) Optical iridescent textures and (b) UV-visible reflectance spectra 
of CNCs photonic films prepared with different amount of D-glucose. 

Since the average refractive index of the CNCs and D-glucose 
should remain unchanged (CNCs are composed of glucose), the 
incorporation of D-glucose increases the helical pitch “P” 
leading to a red-shift of the Bragg peak reflection.  
 
The POM images of the photonic films were obtained under 
crossed polarizers using non-polarized illumination (Figure 
3.a‒f). In polarized-light microscopy, the CNCs films prepared 
with different amount of D-glucose exhibit strong birefringence 
and multi-domains with random sizes and orientations. This is 
mainly due to the lack of control of water evaporation and 
therefore to the fast merging of tactoids in the solution leading 
to heterogeneous microdomains in the same sample.60 At the 
microscopic level, the size of the microdomains, as estimated 
from the POM images, decreases from 80 to 22 μm with an 
incorporation of D-glucose from 10 to 60 mg, respectively 
(Supporting Information Table S1). D-glucose is suspected to 
increase water retention since hydrophilic interactions through 
hydrogen bonds are favourable, thereby decreasing the 
evaporation kinetics of water. In addition, the typical fingerprint 
of the CN structure is clearly observed regardless of the weight 
of D-glucose.  
The crystallinity of the CNC-films was investigated by X-ray 
scattering (XRS) measurements (Supporting Information 
Figure S3). Whatever the glucose content, all XRS diagrams are 
similar and present three main peaks: A sharp peak located at Q 
= 1.604 Å-1 (d-spacing d = 3.92 Å) and two overlapping peaks 
at Q = 1.051 Å-1 (d = 5.98 Å) and Q = 1.175 Å-1 (d = 5.35 Å), 
corresponding to the ሺ200ሻ, ሺ11ത0ሻ and ሺ110ሻ, respectively, 
characteristics of cellulose Iβ.61,62 The average crystallite size L, 
perpendicular to the lattice plane, was estimated by using the 
Scherrer’s equation (see Methods section). In addition to 
adjusting the helical pitch, the incorporation of D-glucose also 
enhances the average crystallite size by 20% (Supporting 
Information Table S1).  
 



 

 

 

Figure 3 : POM images of CNCs films prepared with (a) 10, (b) 20, (c) 30, (d) 
40, (e) 50, and (f) 60 mg of D-glucose.  

The successful incorporation of D-glucose is confirmed by 
SEM observations of the fractured cross-section of the CNCs 
photonic films (Figure 4). The films present a porous texture 
when a small amount of D-glucose is added (Figure 4.a‒d). 
Moreover, the characteristic twisted CN structure of CNCs 
remains observable up to 20 mg of added D-glucose (Figure 
4.a‒b). At higher glucose content (Figure 4.c‒f), the recognition 
of CNCs and even the chiral nematic structure becomes difficult 
to identify. These observations confirm that the polyol is 
inserted into the structure and covers the CNCs nanorods, 
increasing the helical pitch “P” of the chiral nematic structure. 
This is consistent both with the evolution of the iridescent 
colour of the films (Figure 2.a) and the red-shift observed for 
the Bragg peak reflection in Figure 2.b. Altogether, these results 
confirm the preservation of the CN structure after incorporation 
of D-glucose.  

As a proof of concept of elaborating a mesoporous TiO2 film 
with a CN structure, four of the photonic films (CNCs-10, 
CNCs-20, CNCs-40 and CNCs-60) were impregnated with the 
titania precursor. After the impregnation step (i.e. the one 
prepared using 20 mg of D-glucose), the obtained composite 
(CNCs/TiO2-20) shows a red-shift of the maximum wavelength 
of the Bragg reflection from λmax=422 nm to λmax=521 nm 
(Figure 5). The porosity of CNCs photonic films as shown in 
SEM images (Figure 4) should allow the diffusion of the titania 
precursor. The colour of the CNCs photonic film turns from 
blue-green to green-yellow for the composite after 
impregnation (inset in Figure 5). 

 

Figure 4. SEM images of the cross section of CNCs photonic films with variable 
amount of D-glucose:  (a) 10, (b) 20, (c) 30, (d) 40, (e) 50, and (f) 60 mg. 

Eqn (1) predicts that the Bragg wavelength is red-shifts as the 
effective refractive index of the films increases. The SEM 
image of the cross-section of hybrid TiO2/CNCs-20 film 
showed that the preservation of the CN structure is similar to 
that of CNC photonic films (Supporting Information Figure 
S5). The infiltration of the precursor into the porous film 
increases the effective refractive index of the medium and, as 
expected, the spectral position of the Bragg reflection shifts to 
a higher wavelength (Figure 5). The CNCs are easily removed 
from the composite films by calcination at 500°C, as evidenced 
by FTIR analysis (Supporting Information Figure S5) leading 
to mesoporous TiO2 films with a preserved CN structure 
(CNTiO2-20) and a maximum wavelength of the Bragg 
reflection at λmax=415 nm. POM observation of the film texture 
is highly birefringent (inset Figure 5), indicating the transfer of 
the CN structure into the resulting TiO2 inorganic film. In 
comparison, mesoporous TiO2 film prepared by the one-pot 
method (see method section) presents no birefringence, thus 
attesting the absence of a cholesteric organization (Supporting 
Information Figure S6).  



 

 

 

Figure 5. UV-visible reflectance spectra of CNC film with 20 mg of added D-
glucose before (CNCs; blue curve) and after impregnation (CNCs/TiO2; green 
curve) with TTiP sol. Black curve is collected after the calcination of the 
nanocomposite CNCs/TiO2 film. Inserted, the photographic images collected of 
each sample under normal light (CNCs and CNCs/TiO2 films) and between 

crossed polarizers. 
  

The blue shift of λmax upon the removal of CNCs results both 
from replacing CNCs by void, whose refractive index is lower 
(rCNCs=1.5)63 and from the contraction of helical pitch from 2.8 
to 1.1 μm (as estimated from POM images). Furthermore, the 
intensity of the Bragg peak decreases, showing an asymmetric 
shape. The loss of the symmetry could be related to the collapse 
of the nanostructure due to crystallization (reorganization of 
atoms and growth) during the calcination step. The surface of 
the TiO2 films was observed by SEM (Supporting Information 
Figure S7). SEM micrographs display porous structure where 
the pores are aligned in continuous but variable direction, 
suggesting a close packing of the CNCs laterally and lengthwise 
in bundles.37 This is also confirmed by TEM observation of a 
fragment of calcined TiO2 film as shown in Figure 6.a. The 
TEM micrographs reveal cylindrical-like aligned pores with a 
diameter of about 4 nm separated by 5 nm of TiO2 wall. It also 
shows locally aligned pores, suggesting a localized helical 
structure. The helical organization is a periodic succession of 
parallel pores over distances of a few CNC rod diameters and 
twisted neighbouring pores, which orientation is perpendicular 
with respect to the electron beam. This result suggests the 
successful transfer of a localized CN pore structure in the final 
material.37,64 Pore sizes smaller than the CNCs diameter 
measured before impregnation result from distortions caused by 
the growth of crystallites within the channel walls during 
calcination.12 The cylindrical aligned pores are not observed for 
mesoporous TiO2 film elaborated from one-pot method (Figure 
6.b). Instead, the structure shows only a porous structure, where 
the pore are randomly distributed. The side view of CNTiO2-20 
film with thickness about 6.7 μm after impregnation was further 
analyzed by SEM (Figure 6.c). The image displays stacked 
layers that could results from the helical pitch of the photonic 
films suggesting the transfer of the CN structure to TiO2 films. 
Here again, such structure is not observed for the mesoporous 
TiO2 sample prepared by the one-pot method (Figure 6.d). 
Instead, the structure shows a mesoporous structure with a 
random distribution of the pores and a size distribution in the 

range of 6‒10 nm as deduced from N2 sorption experiments (see 
Supporting Information Figure S8). HR-TEM images 
(Supporting Information Figure S9) evidence a well-
crystallized TiO2 wall with lattice spacing of d=0.32 nm, which 
can be assigned to (101) interplanar face of the anatase 
crystalline form. This is confirmed by XRS experiments: The 
spectra display several peaks corresponding to the anatase form 
of TiO2 (Figure 6.e-f). Interestingly, although the microscopic 
texture of the mesoTiO2 sample is different from that of 
CNTiO2 films, the XRS pattern is very similar, suggesting that 
the resulting film structure is highly dependent on the 
preparation method. Regardless of the photonic films used, the 
FWHM (Full Width at Half Maximum) measured from the 
patterns reveals a negligible deviation, suggesting no effect of 
either the biotemplate nor D-glucose amount on the TiO2 
crystallite size (See Supporting Information Table S1).  

 

Figure 6. Comparison between samples prepared by (left) impregnation 
(CNTiO2-20) and (right) one-pot synthesis (mesoTiO2). (a,b) TEM micrographs 
and (c,d) SEM observations on the side-view. XRS diagrams of (e) CNTiO2-X 
obtained with various D-glucose contents and (f) mesoTiO2 samples. The dotted 
curve corresponds to the XRS diagram of a commercial anatase powder. The 
black curve in (e) corresponds to the theoretical XRS diagram of anatase 
(AMCSD card 0019093) while the stars indicate characteristic peaks of rutile 
form. All curves have been translated for the sake of clarity. 

 

Finally, POM observations  were performed on these  inorganic 
films  (Figure 7). Mesoporous CNTiO2 samples are strongly 
birefringent, confirming the anisotropy of the films.40 At high 
magnification (Figure 7.e‒g), it was possible to clearly identify 
the typical fingerprint of the CN structure, composed of 
successive dark and white lines similar to that observed on the 
initial CNCs photonic films. Our results reveal that it is possible  
to maintain the chiral nematic structure in the mesoporous films 
even after calcination. To go further, we will now examine the 
influence of this peculiar structure on the photocatalytic 
properties of TiO2.  



 

 

 

Figure 7. Polarized Optical Microscopy images of mesoporous TiO2 films 
obtained from different CNC photonic films: (a) CNTiO2-10, (b) CNTiO2-20, (c) 
CNTiO2-40 and (d) CNTiO2-60 mg, (e-g) magnification of selected region from 
(b), (c) and (d) depicting  the fingerprint of the chiral nematic structure. 

 

We first investigate the kinetics of photocatalytic reactions, 
which is closely related to the intrinsic properties of TiO2, in 
particular its ability to generate charge carriers upon 
photoexcitation and transfer them at its surface. Time-resolved 
microwave conductivity (TRMC) measurements were 
performed to assess the electronic properties and the effect of 
the retained CN structure of mesoporous TiO2 films on the 
charge carriers’ dynamics. TRMC is a contactless technique 
used for determination of charge carriers’ density and their  
lifetime (transport parameters) in polycrystalline titania.51 
Figure 8.a displays kinetic traces of the transient 
photoconductivity measured by laser pulsed TRMC excited at 
350 nm. The measurements indicate a variation in signal 
intensity as a function of the amount of D-glucose added in the 
photonic films. After UV excitation of TiO2, photogenerated 
electrons and holes are produced, the electrons are transferred 
to the surface of CNTiO2, whereas holes heavier than the 
electrons have limited mobility, and they remain localized at the 
bulk. The intensity of the TRMC signal is therefore mainly due 
to mobile photogenerated electrons.65 The results show an 
intense TRMC signal (Imax) for the films obtained from the 
mineralization of CNCs photonic films compared to 
mesoporous TiO2 film. For instance, the charge carriers’ density 
produced is improved by a factor of 3.5, when the replica of the 
chiral nematic structure is transferred into CNTiO2-10 films. 
This improvement is obviously due to the structured 
mesoporous TiO2 films. The light scattering in the CN structure 
allows the confinement of photons, which improves the light 
harvesting and thus the density of photogenerated charge 
carriers. The amount of D-glucose does not affect the electronic 
properties of TiO2. However, we have shown that the Bragg 
reflection is shifted to higher wavelength, modifying the 
position of the red- and blue edges of the stopband of the 
photonic films, and thus it overlaps with the optical absorbance 
of TiO2 (electronic band-gap). Furthermore, the overlap of the 

electronic excitation wavelength of TiO2 film (CNTiO2-20 film; 
Figure 5) with the excitation photon wavelength (350 nm; blue-
edge of the Bragg reflection peak) suggests the vanishing group 
velocity of slow photons. In both cases, we suggest that the CN 
structure improves the light harvesting properties (optical 
absorption) of TiO2 due to a longer photon lifetime in the film, 
resulting in an increase of the density of photogenerated (e-/h+) 
pairs. Although the Imax decreases gradually when the amount 
of the D-glucose in the initial photonic films increases, it 
remains significantly higher than in the mesoporous TiO2 film. 
The attenuation of the TRMC signal indicates a deactivation of 
TiO2 and thus gives information on the lifetime of the 
photogenerated charge carriers. The lifetime decay is described 
by both charge recombination, interfacial charge transfer to 
adsorbed species and default traps.51,66 It would be difficult to 
distinguish each pathway from the other to extract quantitative 
comparison. 

 

Figure 8.  (a) TRMC signal of variable inorganic samples under UV illumination 
(λex=350 nm, Iex=1.4 mJ .cm-2). Photocatalytic degradation of phenol under UV-
visible illumination: (b) “C/C0” plot of phenol concentration as a function of 
irradiation time for CNTiO2-10, CNTiO2-20, CN-TiO2-40, CNTiO2-60 and 
meso-TiO2. 

The photocatalytic efficiency of the films was investigated by 
following the kinetics of phenol degradation as a probe 



 

 

molecule. Figure 8.b shows the "C/C0" plot of concentration of 
phenol evolution for each samples as a function of illumination 
time. All mesoporous CNTiO2 films, except for X = 40, display 
higher photocatalytic activity compared to the pure mesoporous 
TiO2 films. This variation cannot be attributed to a difference in 
crystallite size, since the XRS patterns reveal a negligible 
deviation suggesting that neither the biotemplate nor D-glucose 
amount have an effect on the size of TiO2 crystallites. The 
thickness of the films, exceeding 1μm for all the films, would 
not affect the photocatalytic activity, since most of the 
photogenerated charge carriers produced above 140 nm are 
thought to recombine before reaching the surface.67 The 
photoefficiency is enhanced by a factor of 1.5 for CNTiO2-20, 
a sample that also shows a match between the illumination 
energy and absorption of TiO2. Unfortunately, we were unable 
to compare the Bragg peak positions due the small size of the 
films for the other samples. The method used for the synthesis 
induces the crack of the films in very small pieces due to the 
stress produced by the shrinkage during the polymerization. 
However, a "slow photon" effect could not exclusively justify 
the improvement of the photocatalytic efficiency. Since, the 
photocatalytic degradation is performed in an agitated system, 
we had no control over the angle of the incident light reaching 
the film. Indeed, Wu et al. showed a dependence of the 
illumination angle on the enhancement of the photocatalytic 
activity of opal inverse films.2 The Bragg reflection shifts to 
higher wavelength, modifying the position of the red- and blue 
edge of the photonic films stopband, and thus its overlap with 
the electronic band-gap absorbance of TiO2. In the reactive 
medium, the scattering combined to the “slow photon effect” 
are both responsible for increasing the photogenerated charge 
carriers, as confirmed by TRMC measurements, and thus for 
improving the photocatalytic efficiency of phenol degradation. 
In addition, we also assessed the stability of the materials by 
performing recycling experiments (see Supporting Information 
Figure S10). The results indicate a very slight decrease of the 
efficiency for the phenol degradation after three cycles. This 
small decrease is due to the loss of a part of the photocatalyst 
during the recycling tests, since the samples are centrifuged and 
washed for further use. Nevertheless, the recycling test 
confirms the photostability of our novel biotemplated TiO2 
films.  

To take advantage of the high density of the produced charge 
carriers for our biotemplated mesoporous TiO2 films, CNTiO2-
20 was coupled with Au nanoparticles (AuNPs) and compared 
to mesoTiO2 and Au/meso-TiO2 for H2 production under UV-
vis illumination. AuNPs was extensively studied to extend the 
absorbance of TiO2 photocatalyst in the visible range.3,24  
Plasmonic nanoparticles are considered as an efficient electron 
collector for charge carriers separation, co-catalyst, and light 
harvesting improvement for hydrogen production.3,24 A two-
step impregnation followed by a chemical reduction method 
enables growing AuNPs within the pore channels, as revealed 
by TEM images (Supporting Information, Figure S11 and S12). 
The chemical reduction performed using ethanoic sodium 
borohydride (NaBH4) produces a purple solid. The UV-visible 
absorption spectroscopy displays no absorption in the visible 
region for mesoTiO2-20 (Figure 9.a). The optical band gap (Eg) 
of this film was determined using a Tauc plot of modified 
Kubelka-Munk function with a linear extrapolation (see 

supporting information Figure S13). The mesoTiO2 sample 
operates with a band gap (Eg) of 3.18 eV. This value, close to 
that reported for TiO2 anatase (3.2 eV), is in agreement with the 
results obtained from both the XRS analysis (Figure 6.e and f) 
and the HR-TEM observation (see supporting information 
Figure S9). TiO2 in its anatase form (Eg=3.2 eV) absorbs energy 
only in the UV region, while Au/mesoTiO2-20 and Au/CNTiO2-
20 present a broadband absorption in the visible range with 
maximum wavelength at 547 nm, which is due to the formation 
of AuNPs (Figure 9.c). AuNPs exhibit localized surface 
plasmon resonance (LSPR), i.e. collective oscillations of free 
electrons in response to an incident electromagnetic field. The 
plasmon-excited energetic electrons (hot electrons) can reduce 
hydrogen, resulting to the production of H2. Energy dispersive 
X-ray analysis indicates that the amount of AuNPs deposited is 
between 0.1‒0.4 wt%. The AuNPs size is estimated from TEM 
images (see Supporting Information Figure S11 and S12) and 
ranges from 2.5 to 4 nm, in agreement with the pore size of the 
film as reported previously. The UV-visible absorption 
spectrum of Au/CNTiO2-20 confirms the increase in the light 
harvesting in the visible range (Figure 9.a). As expected, the 
intensity of the LSPR is enhanced due to multiple light 
scattering in the CNTiO2 structure. Such an observation, 
reported for plasmonic opal inverse films and plasmonic core-
shell nanostructures, indicates that the enhancement in LSPR 
intensity could be directly related to an increase of the 
electromagnetic energy in TiO2 nanostructures.24,68,69 Knowing 
that hot electrons are able to reduce hydrogen ion, hydrogen 
production is expected to be enhanced. Figure 9.b and 9.c 
illustrate the kinetics of hydrogen production from an aqueous 
solution of methanol for different photocatalysts. Methanol was 
used as a hole scavenger to improve the charge carriers 
separation, but also to increase the yield of hydrogen 
generation. TRMC experiments were performed on methanol 
adsorbed on CNTiO2-20 (supporting information Figure S14). 
The results indicate a significant decrease in the signal decay 
when methanol molecules are adsorbed on the surface of the 
films. This behaviour suggests that holes are trapped by 
methanol. Methanol reduces e-/h+ recombination and improves 
the separation of charge carriers leading to the increase of the 
electrons lifetime. This result is consistent with the role that 
methanol (hole scavenger) usually plays in the photocatalytic 
production of hydrogen.70 The H2 production is significantly 
improved from 8.1 mmol g-1 to 55.2 mmol g-1 after 5h with a 
rate of 1.7 and 13.5 mmol h-1 g-1

, when Au is loaded in 
mesoTiO2. AuNPs are necessary to reduce the H+ formed as a 
result of the dissociative adsorption of methanol, which is also 
a well-known sacrificial electron donor.70,71 The hydrogen 
production using Au-loaded CNTiO2-20 is eight times higher 
compared to Au loaded meso-TiO2 composites after 5h with a 
rate of 468 mmol h-1 g-1. The photonic efficiency of the reaction 
was also determined in order to compare our samples for 
hydrogen production (see supporting information for details). 
Under illumination, the same evolution of the photonic 
efficiency could be observed when comparing different 
photocatalyst films. The maximum value of 0.2% was obtained 
for Au/CNTiO2-20, which is four times higher than the photonic 
efficiency for Au/mesoTiO2 (0.05%). Compared to the metal-
free film, Au/CNTiO2-20 showed an improvement of 31 times 
with respect to the mesoTiO2 (0.0064%). The chemically 
amplified photochemistry is attributed to the enhancement of 



 

 

the light harvesting. These results are in accordance with the 
TRMC measurements, which show a higher efficiency of 
charge carriers’ generation for nanostructured photocatalysts. 

 

Figure 9. (a) UV-visible absorbance spectra of mesoTiO2, Au/mesoTiO2 and 
Au/CNTiO2-20 films, (b) evolution of the H2 production versus the illumination 
time and (c) rate of H2 production for mesoTiO2, Au/mesoTiO2 and Au/CNTiO2-
20 films. All are normalized per unit of the amount of the photocatalyst.  

Conclusion 

In summary, we used photonic films of cellulose nanocrystals 
as biotemplates to replicate the chiral nematic structure into 
TiO2 film. We observed that the incorporation of D-glucose in 
the CNC solution induces a twist of the nanorods leading to the 
formation of the cholesteric structure. D-glucose, incorporated 
around and between the CNCs, increases the pitch of the helical 
structure. We clearly evidence that the impregnation method 
followed by the calcination step does not alter the CN structure, 
which is preserved in the resulting CNTiO2 films. Starting from 
these peculiar structures, TRMC analysis reveals an 
enhancement of the photogenerated charge carriers’ density, 
which is related to an improvement of the light harvesting 
performance induced by multiple light scattering effects in the 
chiral nematic structure. The density of photogenerated charge 
carriers varies following the optical band-gap of the biotemplate 
suggesting a slow photon effect. The photocatalytic activity of 
mesostructured TiO2 was also found to be much higher than that 
of mesoporous TiO2 for phenol degradation and hydrogen 
production. This approach can be extended to improve the light 
harvesting from various materials, where the photon-to-energy 
conversion is a challenge, such as perovskites, g-C3N4, 
Graphene, ZnO or conducting polymers to cite a few. The 
improvement in the light harvesting capactiy of the chiral 
nematic structure retained in our mesoporous TiO2 films should 
also be promising for Dye Sensitized Solar Cells applications.   

ASSOCIATED CONTENT  
Supporting Information. Conductimetric titration curve of 
pristine CNCs, additional characterization of film samples by 
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